We present a comprehensive and systematic investigation of the fundamental physical limitations of Faraday isolation performance at high average powers that are due to thermally induced birefringence. First, the operation of various Faraday isolator designs by use of arbitrary orientation of cubic magnetooptic crystals is studied theoretically. It is shown that, for different Faraday isolator designs, different crystal orientations can optimize the isolation ratio. Second, thermo-optic and photoelastic constants for terbium gallium garnet crystals grown by different manufacturers were measured. Measurements of self-induced depolarization are made for various orientations of crystallographic axes. The measurements are in good agreement with our theoretical predictions. Based on our results, it is possible to select a crystal orientation that optimizes isolation performance at high average powers, resulting in a 5-dB enhancement over nonoptimized orientations.
Introduction
The average power of continuous-wave and pulsed lasers has significantly increased over the past several years. As a result, investigations of thermal effects caused by absorption of laser radiation in optical components are becoming more important. Faraday isolators ͑FIs͒ in particular play an essential role in many high-power laser systems. [1] [2] [3] [4] [5] [6] Many applications simultaneously require large isolation ratios and minimal beam aberrations during operation at high-power levels for sustained periods of time. An illustrative example is the Laser Interferometer Gravitational-Wave Observatory ͑LIGO͒ project, 7 for which high optical isolation is needed to preserve the frequency stability of the laser. Although the LIGO currently operates at 10 W, an upgrade to 180 W is expected within the next five years. 8 When one chooses materials for magneto-optics, the specific features of different thermal effects should be considered. Recently, several authors introduced figures of merit that allow for comparison of different magneto-optic materials. From the standpoint of energy loss, the appropriate figure of merit is the ratio V͞␣ 0 , 9, 10 where V is the Verdet constant and ␣ 0 is the absorption coefficient per unit length. From the standpoint of thermal self-focusing, the figure of merit is VW cr ͑Ref. 11͒, where W cr is the critical energy of thermal self-focusing 12 for pulsed lasers, and VW cr ͑Refs. 11 and 13͒, where is the coefficient of thermal conductivity for high average power lasers. However, these effects have almost no influence on the main parameter of a FI, its isolation ratio, because they affect only the amplitude and phase of laser radiation but do not alter the state of polarization. The primary thermal effects that lead to depolarization of laser radiation ͑and therefore to isolation deterioration͒ were recently determined to be the temperature dependence of the Verdet constant and the photoelastic effect. 14 -17 Khazanov et al. 15 predicted theoretically that the photoelastic effect limits the isolation ratio at high average powers, and the effect of the temperature dependence of the Verdet constant can be neglected. This theoretical prediction was confirmed experimentally. 16, 18 For crystals with ͓001͔ orientation ͑and also for glass-based magneto-optic elements͒, a figure of merit that characterizes the magneto-optic medium was defined as ϭ V͞␣Q, where Q is a thermo-optic constant that characterizes the thermophotoelastic effect for the components of rod configuration:
Here L, , and n 0 are the length, the Poisson ratio, and the refractive index, respectively; T is the temperature, and p ij ͑i, j ϭ 1, 2..6͒ are elements of the photoelasticity tensor in a two-index Nye convention. 19 Recently, new designs of FIs that allow for compensation of thermally self-induced depolarization in a magneto-optic medium were developed and studied in detail. 13,16 -18,20 In these designs, the depolarization ratio depends not only on but also on the parameter defined as ϭ 2p 44 ͑͞ p 11 Ϫ p 12 ͒. It is therefore essential to measure and the parameters that comprise for a terbium gallium garnet ͑TGG͒ crystal, a crystal most commonly used in high-power lasers, and to study the operation of different FI designs with an arbitrary orientation of the crystal.
The Verdet constant V and the thermal conductivity are superior in TGG ͑V ϭ 0.135 min͞cm Oe at a wavelength of 1064 nm, ϭ 7.4 W͞m͒ compared with magneto-optic glasses. However, the absorption coefficient strongly varies from sample to sample. For magneto-optically active media, values of Q were measured, to the best of our knowledge, only for glasses, 21, 22 whereas has been measured only for yttrium iron garnet crystals ͑ ϭ 1.7͒. 23 In Ref. 15 an attempt was made to measure and the product Q␣ 0 for a TGG crystal. However, the measurement accuracy was poor owing to the use of a low-power laser and the use of only one sample. The uncertainty in values of , Q, and ␣ 0 makes it impossible to determine the isolation ratio of FIs even in the ͓001͔ orientation. Characteristics of the traditional and novel designs of a FI at arbitrary crystal orientation have not yet been studied, although the orientation can significantly affect the performance of the isolator at high power. In the absence of a magnetic field, thermally induced birefringence in a cubic crystal was investigated analytically 24 -26 only for ͓001͔ and ͓111͔ orientations and numerically 27 for an arbitrary orientation of a YAG crystal. In all references cited, only uniform heat release was considered, which for self-induced birefringence is valid only for a flatshaped ͑top-hat͒ beam.
In Section 2 we derive analytical expressions of the isolation ratio obtained for different FI designs at high average powers of an axially symmetric beam of arbitrary shape with arbitrary orientation of a cubic crystal. In Section 3 we measure the values of and the product Q␣ for ten TGG crystal samples with different orientations and grown by different manufacturers. In Section 4 we investigate the theoretical dependences experimentally for a Gaussian beam and TGG crystals with different orientations. The data obtained in Sections 2-4 are discussed in Section 5 to determine optimal orientations of a TGG crystal for different FI designs. The results are generalized for depolarization without any magnetic field.
Theoretical Dependence of Depolarization Ratio on Crystal Orientation
The depolarization ratio ͑depolarization͒ ␥ is defined as the ratio of power of a depolarized component of laser radiation to the total power. The isolation ratio is then ␥
Ϫ1
. Let us find the depolarization in a FI at a high average power with an arbitrary orientation of crystal axis relative to the wave vector of an optical wave. Investigations have shown 13,16 -18 that the best FI design at a high average power is that comprising two 22.5°Faraday rotators and a 67.5°recip-rocal quartz rotator ͑QR͒ placed between them, a design we refer to as FIQR. At the same time, the most widely used design is a traditional FI design that consists of a single 45°Faraday rotator. Here we consider only these two FI designs. The computation procedure is as follows. We used expressions for ␥ that were obtained in Refs. 16 and 17 as a function of phase difference ␦ l and of the direction of eigenaxes of linear birefringence caused by the photoelastic effect. The values of ␦ l and are determined by the tensor of dielectric impermeability B. To calculate elements of this tensor for an arbitrary orientation, we apply the procedure used in Ref. 27 . However, unlike the results in Ref. 27 where we took numerical calculations only for a uniform distribution of heat release in a YAG crystal, here the authors derive analytical expressions for B and ␥ at any axially symmetric distribution of laser intensity for any cubic crystal of arbitrary orientation. Based on the expressions that we obtained we can define the optimal orientation from the standpoint of isolation.
We assume that the wave vector is parallel to the z axis and the crystal has a cylindrical shape with the axis of symmetry parallel to the z axis ͑Fig. 1͒. In Fig. 1 . Cartesian xyz and cylindrical rz coordinates. k and E are the wave vector and the polarization of the electric field of the laser, and e 1 and e 2 are eigenpolarizations at a point ͑r, ͒.
Refs. 16 and 17 the following expressions for ␥ were obtained:
where ␦ l ϭ ␦ l ͑r, ͒ and ⌿ ϭ ⌿͑r, ͒ are the phase difference and the direction of eigenaxes of linear birefringence; I͑r͒ and P 0 are the intensity distribution and the power of laser radiation; R 0 and r 0 are the crystal radius and the effective beam radius; is the inclination angle of incident polarization relative to the x axis; and r and are polar coordinates ͑Fig. 1͒. The variable y represents the square of radial coordinate scaled to the laser beam radius r 0 ; the function f ͑ y͒ represents the radial intensity profile of the optical beam. The subscripts 0 and R as used here and later refer to, respectively, the traditional design and the FIQR design. These expressions are valid at an optimal QR rotation angle ͑67.5°͒ and for small thermally induced birefringence ␦ l Ͻ Ͻ 1. The values of ␦ l and ⌿ can be found knowing the tensor of dielectric impermeability B, written in the Cartesian coordinates xyz ͑see, for example, Ref. 27͒:
where k is wave vector. Detailed derivation of tensor B is given in Appendix A. Combining the expressions for B in Eq. ͑A6͒ and Eqs. ͑2͒ and ͑3͒ and integrating yield the expressions for depolarization:
where In Refs. 16 and 17 it was reported that, at the ͓001͔ orientation, an important advantage of the FIQR design is that depolarization is independent of polarization of the incident field ͑since ␥ R is independent of ͒. From Eq. ͑5͒ it is seen that this advantageous feature is preserved at any orientation. In the traditional design, the depolarization depends on , and, as follows from Eq. ͑4͒, this dependence is periodic with a period of 90°at any orientation. It is possible to minimize ␥ 0 by varying . By differentiating Eq. ͑4͒ with respect to and putting the derivative to zero, we find the optimal angle opt and minimum depolarization ␥ 0min :
Equations ͑10͒ and ͑5͒ permit one to find the level of depolarization and, consequently, the isolation ratio of the FI for the traditional design and the FIQR design, respectively. For both designs the depolarization is determined by crystal orientation ͑angles ␣ and ␤͒, beam shape ͑constants F, H, K, M, N͒, and also by the normalized radiation power p and parameter , which characterizes the properties of the crystallographic lattice. We now describe some specific cases. First, we consider the ͓001͔ orientation when all three crystallographic axes coincide with the axes of the xyz coordinates. For a cubic crystal, the corresponding values of angles ␣ and ␤ are n͞2 ͑n is an integer͒. Using Eqs. ͑4͒ and ͑5͒, we found
which coincide with the results given in Refs. 15-17. A second case of importance is the ͓111͔ orientation for which ␣ ϭ 45°and ␤ ϭ 54.8°͑tan ␤ ϭ ͌ 2͒. In this case, the depolarization does not depend on , and from Eqs. ͑4͒ and ͑5͒ we obtain 
Thus, all the expressions obtained for ␥ 0 to an accuracy of Eq. ͑15͒ should also be valid for self-induced depolarization without any magnetic field. We use this fact later for the measurements of Q and ͑see Section 3͒. Additionally, this can be used to calculate depolarization in active elements of laser amplifiers. For the latter case it is necessary to substitute the volume density of heat release power instead of ␣ 0 I 0 f ͑ y͒ into Eq. ͑A5͒.
Measurements of Parameters Q and for Different TGG Crystals
For our measurements of Q and we used the depolarization effect of high-power laser radiation during its propagation in an absorbing medium in the absence of magnetic fields. The crystal under test was placed between a pair of cross-aligned polarizers. For the experiment we measured the depolarization ratio ͑inverse isolation ratio͒ ␥ Hϭ0 as a function of power. This measurement technique was used in Ref. 15 and also for measurements of parameter Q for magneto-optic glasses in Refs. 21 and 22. For optical glasses this measurement technique gave values of Q that differed by only 10 -20% from those known from the literature, indicating that the measurement accuracy provided by this technique is rather high.
For our experiments we used a home-built quasi-cw Nd:YALO laser 3 with power up to 100 W ͑ ϭ 1080 nm͒ and a commercial cw Nd:YLF laser from Photonics Industries with power up to 60 W ͑ ϭ 1053 nm͒ as the radiation source. Each optical beam had a Gaussian profile with a diameter of approximately 2.5-mm ͑Nd:YLF͒ and 8-mm ͑Nd: YALO͒. Ten crystals were studied. The results are summarized for samples 1-10 in Table 2 .
The dependences ␥ Hϭ0 ͑P 0 ͒, measured for different crystal samples, were compared with theoretical predictions. The measurements were carried out first for crystals with the ͓001͔ orientation at ϭ ͞4. In this case the radiation polarization is parallel to the prevailing ͑preferred͒ direction of the eigenaxes that traverse the bisector between the crystallographic axes ͑in this direction the crystal is least resistant to strain deformation͒. It follows from Eqs. ͑11͒ and ͑15͒ that at this value of the depolarization is minimum and does not depend on parameter . The product Q␣ 0 was used as a fitting parameter. The measurements were then repeated for ϭ 0. In this case the radiation polarization is inclined at 45°to the prevailing direction of the eigenaxes. For this value of , the depolarization is maximum and exceeds the depolarization at ϭ ͞4 by a factor of 2 . For crystals with the ͓111͔ orientation the dependences ␥ Hϭ0 ͑P 0 ͒ were compared with Eqs. ͑13͒ and ͑15͒. This measurement technique does not allow us to measure and Q␣ 0 independently for this orientation. Therefore, the value for was that known from previous measurements, and Q␣ 0 was again used as a fitting parameter.
It should be noted that errors in measurements of P 0 ͑approximately 10%͒, as well as a beam profile ellipticity ͑approximately 90%͒ and an imperfect symmetry of cooling lead to errors in measurements of Q␣ 0 and . Another serious source of errors is the presence of residual ͑cold͒ depolarization and light scattering in the crystal. All these parasitic effects are not considered by our theory. The latter two effects are linear in power and hence the depolarization induced by them is power independent. At the same time, the thermal effects lead to a quadratic dependence of the depolarization on power. It is evident that at an arbitrarily high power these effects can be neglected. It is experimentally possible to define whether this power is achieved if we analyze the character of dependence ␥ Hϭ0 ͑P 0 ͒ since it has qualitatively different functional power dependences. The ␥ Hϭ0 ͑P 0 ͒ plot, measured over a wide range of powers, changes from a horizontal line to a sloped line, corresponding ͑on a logarithmic scale͒ to quadratic dependence at high powers. For the measurement of fairly long crystals ͑see Fig. 2 and Table 2 , samples 1-4 and 7͒ with a 100-W laser we were able to cover a power range sufficient to observe the transition from residual cold birefringence to thermally induced birefringence. Figure  2 shows that the experimental data are in good agreement with the theoretical predictions at powers exceeding 50 W. However, even at 50 W, we were unable to observe the onset of thermal effects for short and weakly absorbing crystals. Therefore, it was impossible to determine the parameters Q␣ 0 and reliably by use of a single-pass scheme. To overcome this obstacle we used a two-pass measurement scheme. After a first pass through the sample, a mirror directs a laser beam in the backward direction at a small angle, thus increasing the power in the crystal by a factor of 2. This angle was chosen small so that the distance between the axes of the forward and the backward beams in the sample was negligibly small in comparison with the beam radius, and hence the beam shift can be neglected. The length of the optical pass is also increased by a factor of 2, whereas the other parameters are kept the same. Therefore, after the replacement of P 0 by 2P 0 and L by 2L in Eq. ͑6͒, parameter p increases by four times, and the depolarization, according to Eqs. ͑11͒ and ͑13͒, increases by 16 times, an increase that allowed us to measure the parameters for all the crystals.
Other aspects of the measurement procedure were the same as for the single-pass measurements.
Using the two-pass scheme and a Nd:YLF laser with a power of 60 W, we measured the parameters of seven crystals; see Table 2 , samples 4 -10. Figure 3 presents the dependence ␥ Hϭ0 ͑P 0 ͒ for samples 4 and 8.
Measurement of Depolarization at an Arbitrary Orientation of the Crystal
As seen from Figs. 2 and 3, for ͓001͔ and ͓111͔ orientations the theoretical results are in excellent agreement with the experiments. To check the theoretical predictions for other orientations, we used a relatively short and wide-aperture crystal ͑sample 8 in Table 2͒ . Laser light was transmitted through this crystal at an angle to the surface ͑Fig. 4͒. The maximum angle between the crystal axis ͑which coincides with the cylinder's symmetry axis͒ and a wave vector was 25.6°. This allowed us to measure the depolarization at 0 Ͻ ␤ Ͻ 25.6°and for any values of ␣.
In such a geometry, when angle differs from 0 or 90°, polarization effects occur that are associated with a difference in the transmission coefficients of s and p polarizations through the air-crystal and the crystal-air boundaries. To exclude these parasitic effects, we conducted experiments only with s polarization ͑ ϭ 90°͒. We used a Nd:YLF laser radiation and a two-pass scheme. At ␤ ϭ 21°and P ϭ 36 W, we measured the dependence of depolarization on ␣. The results are shown in Fig. 5 . This figure also presents a theoretical dependence plotted by Eqs. ͑4͒ and ͑15͒, taking into account the increase in physical length of the light propagation caused by the nonzero Fig. 2 . Experimental ͑in a single-pass scheme͒ and theoretical dependences of depolarization on power for three of the crystals in Table 2 : diamonds, sample 1; triangles, sample 2; circles, sample 3. Table 2 .
Analysis of Eqs. ͑4͒ and ͑15͒ shows that, when ϭ 90°, the depolarization has its maximum at ␣ ϭ 0°a nd its minimum at ␣ ϭ 45°for any values of ␤ and P 0 . Figure 6 displays theoretical and experimental dependences of ␥͑␤͒ for these experimental values of angle ␣ at P ϭ 38 W. It is obvious from Figs. 5 and 6 that the experimental data are in good agreement with theory for an arbitrary orientation of the crystal.
Discussion and Conclusions
First we discuss the results of measurements of Q␣ 0 and . The parameter was measured to have close values for all four crystals with the ͓001͔ orientation ͑see Table 2͒ . Since our measurement procedure decouples errors in measurements of from the absorption coefficient and Q, the value ϭ 2.2 Ϯ 0.2 was measured quite reliably. Note that this value is less than that given in Ref. 15 . It is likely that the measurement inaccuracy of Ref. 15 is connected to the cold depolarization whose influence appears significant at a low laser power ͑9 W͒ and for a single-pass measurement scheme.
A comparison of Q␣ 0 values that were obtained for different samples shows a wide range from sample to sample. Even when we used three crystals with the same orientation, the same size, and from the same manufacturer ͑samples 1-3 in Table 2͒ , a wide variance could be seen. The quantities included in Eq. ͑1͒ should not vary from sample to sample. Hence, it is most likely the absorption coefficient that has such a wide range of values associated with the presence of an insignificant amount of highly absorbing mixtures. Of the ten samples we studied, the weakest absorption was found in sample 5, either at or near the intrinsic absorption of pure TGG.
The small difference in wavelength ͑1053 nm for Nd:YLF and 1080 nm for Nd:YALO͒ is insignificant for measurements of Q, since all the quantities included in Eq. ͑1͒ are slow functions of the wavelength. For example, in glasses Q changes by only 10 -20% from the first to the second harmonic of the Nd:YAG laser. 22 A pure TGG crystal does not have absorption resonances near these wavelengths, although it is possible that intrinsic impurities have resonances near these wavelengths.
We now discuss the dependence of depolarization on crystal orientation. First, it should be emphasized that all our results are valid not only for a cw but also for a pulsed laser, provided a change in the temperature gradient during one pulse is small in comparison with its average value. Although we were not able to study the entire range of angles ␣, ␤, and , the good agreement between theory and experiment ͑Figs. 5 and 6͒ proved that the predictions of the theory used are correct. Analysis of Eq. ͑10͒, taking into account the data of Table 1 , shows that for a uniform intensity distribution the depolarization is independent of R, where R ϭ ͑R 0 ͞r 0 ͒ 2 . For a Gaussian distribution, there is dependence on the beam radius, although it is not strong and does not lead to any qualitative changes. When R varies from 5 to 15 ͓corresponding to intensities at the boundary of the optical element I͑R 0 ͒͞I͑0͒ from 7 ϫ 10 Ϫ3 to 3 ϫ 10 Ϫ7 ͔ ␥ 0,R changes by no more than 40%, and for the ͓001͔ and ͓111͔ orientations the depolarization does not depend on F, M, N at all. Therefore, if we take into account the data presented in Table 1 , the dependence on R can be neglected.
As follows from Eqs. ͑5͒ and ͑10͒, when comparing different orientations with regard to minimum depolarization in the traditional design and the FIQR design, it suffices to know only parameter , which we assume to be 2.2. The dependences of minimum depolarization on angles ␣ and ␤ for this value of in the traditional FI design are shown in Fig. 7͑a͒ . The plots are for a Gaussian beam that was obtained by use of Eq. ͑10͒ at p ϭ 1 and R ϭ 5. Since ␥ is proportional to p 2 at any orientation, we chose an arbitrary value for p. Figure 7 shows that the ͓001͔ orientation ͑␤ ϭ 0͒ is the best, and the ͓111͔ orientation ͑␣ ϭ 45°, ␤ ϭ 54.8°͒ is the worst. The difference in depolarization for these two cases is ͑1 ϩ 2͒ 2 ͞9 ϭ 3.2.
The situation differs in principle for the FIQR. Figure 7͑b͒ shows the dependences of depolarization on angles ␣ and ␤ plotted by Eq. ͑5͒ for a Gaussian beam at p ϭ 1, R ϭ 5, ϭ 2.2. It can be seen from this figure that the design is weakly sensitive to crys- tal orientation; the difference in depolarization ratios with the optimal ͓001͔ orientation and with the worst orientation is less than 30%. The values of depolarization ratios at orientations ͓001͔ ͑␤ ϭ 0͒ and ͓111͔ ͑␣ ϭ 45°, ␤ ϭ 54.8°͒ almost coincide, differing by only 1%. At the ͓001͔ orientation, minimization of depolarization requires a fine mutual alignment of magneto-optic elements with respect to a horizontal angle ͑the crystallographic axes of two elements must be parallel to each other 16, 17 ͒. The ͓111͔ orientation does not have this disadvantage. Thus for the FIQR, the ͓111͔ orientation is much preferred from a practical point of view.
It can be seen from Eqs. ͑5͒ and ͑10͒ that ␥ R is proportional to p 4 , whereas ␥ 0min is proportional to p 2 at any ␣, ␤, F, H, K, M, N. This is indicative of effective compensation of depolarization in the FIQR design for any crystal orientation and for any beam shape, if p Ͻ Ͻ 1. Moreover, even if p is of the order of unity, ␥ R is also much less than ␥ 0min , as seen from Figs. 7͑a͒ and 7͑b͒. Based on the theoretical and experimental results presented herein we evaluated the isolation ratio for both FI designs at a high average power. Let us assume that L͞ ϭ 3 ϫ 10 4 and ϭ 2.2. Table 2 presents isolation ratio values for each crystal we studied at a power of 300 W for both FI designs. If we take the minimal value of ten crystals ͑3.2 ϫ 10 Ϫ7 K Ϫ1 m Ϫ1 ͒ for Q␣ 0 and consider that the TGG crystal has ͓001͔ orientation, at 1 kW we can obtain an isolation ratio of ͑␥ 0min ͒ Ϫ1 ϭ 16 dB for the traditional FI design and ͑␥ R ͒ Ϫ1 ϭ 35 dB for the FIQR design. Note that, when the power or the value of Q␣ 0 is increased by 3, these formulas give values of 7 and 16 dB, respectively. For such large depolarization values, the condition of small birefringence ␦ l Ͻ Ͻ 1 has already deteriorated, leading to an even greater difference between the traditional design and the FIQR design. 17 In conclusion, we summarize the main results obtained during our study. First, for an arbitrary orientation of a cubic crystal, we obtained analytical expressions for self-induced depolarization for the traditional FI design and for the recently developed FIQR design 16, 17 and also for self-induced depolarization without any magnetic field. For all three cases, we have shown that, for a given beam shape, the depolarization is determined only by parameters and p for any orientation. For a comparison of different orientations, it is enough to know only parameter . Second, we have shown that, for the traditional FI design and for the case when the magnetic field is absent, the ͓001͔ orientation is the best and the ͓111͔ orientation is the worst. Depolarization at the ͓111͔ orientation is greater by a factor of ͑1 ϩ 2͒ 2 ͞9. Third, the depolarization is minimal at orientations ͓001͔ and ͓111͔ for a TGG-based FIQR design. The ͓111͔ orientation is preferable in this case, because it does not require alignment of crystals with respect to a horizontal angle. Fourth, the value of ϭ 2.2 Ϯ 0.2 was measured experimentally for a TGG crystal. For ten TGG crystal samples, we also measured the values of Q␣ 0 , which showed some dispersion in the data because of the varying levels of absorptive impurities. Finally, our most significant result is that the FIQR design by use of commercially available TGG crystals allows for the implementation of a FI with an isolation ratio of 35 dB at 1-kW power, which has important ramifications for the design of high-power laser systems. Elements of the tensor of dielectric impermeability B depend on the temperature distribution and crystal orientation, i.e., on the mutual position of the crystallographic axes ͑either axis since the crystal is cubic͒ and the wave vector. For the simplest case, the crystallographic axes abc coincide with the directions xyz, which correspond to the ͓001͔ orientation. An arbitrary orientation can be given by Fig. 7 . Dependence of depolarization at R ϭ 5, ϭ 2.2, p ϭ 1 in the ͑a͒ traditional design and ͑b͒ the FIQR design at ␤ ϭ 0°͑curve 1͒; ␤ ϭ 22.5°͑curve 2͒; ␤ ϭ 45°͑curve 3͒; ␤ ϭ 54.8°͑curve 4͒; ␤ ϭ 67.5°͑curve 5͒; ␤ ϭ 90°͑curve 6͒. Note that the amplitude variance of the depolarization ratio is quite small in ͑b͒.
